Renewable energy provides the potential for a future in which abundant energy is available with extremely low levels of emission of harmful substances into the environment. The net resources present in most locations exceed the present local requirements for power but two main considerations limit the potential: (a) the cost of the systems used to convert the energy from its primary form and (b) the requirement to balance the supply of power with demand for that power. Presently, these two considerations are predominantly treated as independent concerns to be addressed by different communities. This paper asserts that this separation is both unnecessary and ill-advised in the context of most renewable energy forms and it sets out the case for the integration of energy storage, in its broadest sense, with systems that harvest renewable energy. In the case of wind power in particular it notes two distinct possibilities for such integration that stand up to scrutiny. The paper recognises that energy storage is only one of several possible solutions for reconciling supply and demand and it outlines a neutral methodology for comparing the costs of such solutions. Applying this methodology provides a very positive indication of the benefits of integrating energy storage with generation from renewable energy. Keywords: Energy storage, renewable energy, power balancing. 
INTRODUCTION
Historically, mankind has been used to exploiting energy in already-concentrated form. Obviously, we have made extensive use of fossil fuels such as coal, peat, oil and gas where the combination of solar irradiation, biological actions and long term geological processes have formed these into energy-dense materials. However, the observation applies more widely. Food that we consume and vegetation that we burn or convert in other ways is also the product of a lengthy accumulation and concentration process whose energy is then deployed over a timescale several orders of magnitude shorter than that required for the formation.
In the present age of CO 2 awareness, most of us have become conscious that we have indeed been benefitting from the slow amassing of energy resources over many millions of years and that this has made it possible for us to release large amounts of energy at very low costs per unit of energy. Even school-children in the developed world recognise this fact and can articulate it to the extent that renewable energy has a significant associated cost compared with the combustion of fuel.
Despite being both simple and obvious once noted, it is scarcely ever recognised explicitly that fossil fuels and other concentrated energy forms provide a service beyond just delivering cheap and concentrated energy -they provide the ability to store energy in at very low cost per unit of energy storage capacity. Moreover, the marginal losses of energy associated with storage are extremely low by comparison with losses incurred when energy is stored by most other means. To illustrate, it is normal for coal-fired power stations to retain a large pile of coal close to the station and there is a small release of methane from such piles over time causing a reduction of the total energy extracted. The effective turnaround efficiency of any energy store is the ratio of how much energy is actually WIND ENGINEERING Volume 39, No. 2, 2015 PP 129-140 129 extracted after the energy has passed through storage to how much energy would have been extracted if the energy had not passed through storage. In the case of piles of coal, this ratio is probably >99% for storage periods of even several months.
To wean ourselves off dependency on carbon-rich fuels, it is not sufficient simply to develop renewable energy harvesters that deliver energy at a tolerably low cost per kWh. This has been the main focus of renewable energy development thus far and most, if not all, of the incentives structures that have been implemented in the developed world to support the evolution of new renewable-energy technologies have reflected this over-simplified approach. If the objective were simply to effect a small reduction in the level of fossil fuels being consumed, the cost-per-kWh objective would be valid. However, with many nations now seeing the potential to achieve very large levels of penetration of renewable energy a more complete vision is essential. The system design must include provision for reconciling the supply of energy with the demand.
This paper advocates the expenditure of effort to develop affordable renewable energy systems that integrate the storage of energy with the mechanisms for capturing that energy from nature. The paper itself is largely philosophical but it makes reference to systems and concepts that are either real or demonstrably feasible from a technical standpoint. Due to length constraints, the present paper addresses only systems in which energy passes through the form of electrical energy although the core point does extend to systems where heat or coolth (coldness) are collected for direct use in that form. For the same reason, the paper takes a rather simplistic view of power transmission systems -deliberately omitting many details which do not materially change the underlying arguments.
Section 2 discusses classes of solution to the problem of reconciling electricity supply and demand and notes that although interconnection and demand-side management do not strictly conform to the definition of "energy storage", some important measures of performance can be applied to all. This section also draws a clear distinction between energy storage at the generation end, at the consumption end or between the two ends and highlights the strong disadvantages of implementing energy storage in precisely the way that most people intrinsically understand the term. Section 3 presents a single common metric for solutions to the problem of balancing supply and demand. Section 4 provides some grounding for the concept of integrating energy storage at the generation end using examples. Finally, section 5 applies the metric developed in section 3 in an illustrative calculation to justify the paper's central tenet -that integrating energy storage with generation from renewables deserves serious attention.
RECONCILING SUPPLY AND DEMAND
Electricity is generated in real time. There is some energy in (and around) live power-lines that remains present whilst those lines are transmitting power. The ratio between the static energy and the power being transmitted has units of time and indicates how long it would take to empty the power-lines of their energy by drawing rated power at one end. It is interesting to take an example. Consider a 50 km 3-phase transmission line with 110 kV (rms line-to-ground voltage) and rms current of 4000A per line. The rated power is 1.32GW. If the conductors of those lines are 80 mm in diameter and equally spaced on the vertices of a 2 m triangle, then applying formulae from [1] (p185) shows that the inductance of each individual line would be 41.6 mH. The total energy stored in the magnetic field permeating the air (and insulation) around the conductors carrying rated current would be almost exactly 1 MJ and the ratio of this energy to the rated power is 0.8 ms. The energy stored in capacitance can be assessed similarly. An expression from [1] (p202) shows that the capacitance between lines is 0.33 mF and the energy stored in the electric field when the lines are energised to full voltage is a mere 4.5 kJ -negligible! Clearly even very long electrical transmission systems are very "stiff " in the sense that the lines themselves become fully charged with energy within a small fraction of a second. The contrast between electricity transmission and gas transmission is dramatic. The mean velocity of gas in a pipeline is typically in the order of 5 m/s and evidently a gas pipeline of 50 km would take 10,000s (2.8 hours) to empty at this rate.
The entire electricity transmission system of today intrinsically relies heavily on energy stored in mechanical engineering forms. The most important of these is the kinetic energy in the spinning rotors of generating stations coupled to the system. The inertia-time-constant [2] is the ratio between the kinetic energy stored in a rotating generator and its rated power. Typically, this is between 1s and 10s for large synchronous generators. For wind turbines, it is in a similar range (~4.5 s for a blade-tip diameter of 100 m, [3] ). Very short-term variations in power drawn from the system are smoothedout by the inertia time-constant. A major concern with photovoltaic generation is that it contributes nothing to system inertia. To manage power fluctuations longer than a few seconds, operators of transmission and distribution systems use a combination of mechanisms of which the main one is flexing controllable (fossil-fuelled) generators. As renewable generation and other inflexible generation penetrates more, this recourse becomes less powerful. The other options fall into three categories: (a) energy storage, (b) interconnection to neighbouring domains and (c) managing power demand. The so-called balancing mechanism (where large industrial power consumers agree to be switched-off at times of high demand in return for lower average energy costs) presently dominates demand management. Most pundits view that all three strategies will play major roles in future. The exact mix will be determined by the relative costs and performance measures.
Although the main balancing options are quite different in nature, it is nevertheless possible to apply a common metric. Some definitions are required before exploring this. The first of these is natural demand. Natural demand is the profile of power usage over a period of time, T, which the final users of energy would prefer if they had no direct incentive to modify their usage of energy. In most countries at present, the actual power usage by domestic users is a very direct reflection of their natural demand because variable tariffs have not yet penetrated widely. Note that the period T could be a day, week, month, year or decade.
Corresponding to natural demand from a power system, there is a concept of natural generationdefined over the same period of time used to define natural demand. This is the generation that would be forthcoming onto a power system if there was no discrimination in rewards for generated power. To some extent, the natural demand profile depends on the mean cost of power consumed and the natural generation profile depends on the mean value of power generated. In both cases, this dependence may be complex. That is, a change in mean cost of power consumed may do more than simply change the area under the curve of the natural demand profile but it may also change the shape. Similarly a change in the mean vale of power generated may not only change the area under the curve of natural generation profile but may change the area. For simplicity, we will assume that over any given period, the mean value of power generated and the mean cost of power consumed are adjusted such that the total energy that would naturally generated in that period is identical to the total energy that would naturally be consumed. One further definition is required. Natural discrepancy is a measure of the oversupply of power in the system if no corrective measures are adopted to correct this over-supply. Figure  1 illustrates these definitions and highlights that natural discrepancy has a zero mean. The job of the power system operators is simply to keep the actual discrepancy (the actual level of over-supply) very close to zero. The three commonly-recognised classes of balancing action alluded to earlier map onto a different three categories, more useful for top-level consideration. Table 1 summarises these and Figure 2 illustrates.
Natural-Discrepancy
In all cases, the following quantities can be defined: cost per unit of storage capacity, C C , ($/MWh), cost per unit of power-shift, C P , ($/MW) and effective turnaround efficiency η S . The costs here are costs per period, T, of installing and then sustaining a system indefinitely. These values may depend on the frequency at which the energy storage is operated. For simplicity we omit explicitly signifying this frequency dependence. The same applies to η S .
In the first and third categories of table 1, power flows are one-way only. In flexing consumption, power always flows from the grid to deliver the final energy services. The same total energy passes through the same transformations and the marginal losses may therefore be very small. Examples of flexing consumption at a domestic level include running refrigeration, heat-pumps, water-heaters, washing-machines and selected cooking mainly at off-peak times for electricity demand, At industrial/commercial scale, it can include filling water towers and performing energy-intensive operations such as generating air products, distilling etc at off-peak times.
In the context of running refrigeration at off-peak times, C C would represent additional costs of increased thermal mass to suppress temperature fluctuations. C P in this case would relate to the possible increase in the rated power of the refrigeration machinery. Both of these marginal costs are very small by comparison with counterparts in the mid-grid 2-way energy exchange. The effective turnaround efficiency, η S , would be slightly less than unity since the mean temperature of the core refrigerated space would reduce so that effectiveness of food preservation was not compromised by larger thermal fluctuations. The reduced mean temperature would increase net leakage of heat into 132
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Category name Description Comments
Flexing Generation Actual generation differs For many present-day renewable from natural generation energy systems this option is one-way only (curtailing). This is effectively true for most nuclear plant also. In other cases, this is energy storage integrated with generation.
Mid-Grid 2-Way
Electrical energy moves Encompasses the use of 2-way Energy Exchange on & off grid interconnectors for sharing power with other grids and the most common interpretations of energy storage.
Flexing Consumption
Actual demand differs All demand-side management fits from natural demand within this category but the energy storage associated with electric vehicles also sits within this (if power never flows back into the grid) the refrigerated space and therefore require slightly more electrical power for the same net food preservation effect.
In flexing generation, power always flows from some primary energy source (sun/wind/wave/tide/coal/gas/uranium etc) to the form of electricity but the electrical power delivered is adapted according to demand. This is explored further later but note that energy passing through storage does not undergo additional transformations.
Examples of mid-grid 2-way energy exchange are many. These range from pumped hydro energy storage through compressed air energy storage (CAES) to conventional batteries, flow batteries, supercapacitors, superconducting magnetic energy storage (SMES), flywheels, pumped-thermal energy storage and so-called liquid-air energy storage. In all cases, electrical energy must be transformed to a different form to charge the store and must be transformed back to discharge the store. The costs of capacity ($/MWh) and power-shift 1 ($/MW) are easily defined -and this may be different for power export and power import. Finally, the effective turnaround efficiency has relatively straightforward definition in most cases within this category 2 . In (virtually) all of the examples presented above, the marginal costs are high and the effective turnaround efficiency is relatively low because additional power-equipment has to be put in place to perform the two-way power conversions and energy losses are incurred as the energy stored passes through two complete conversions that it would not otherwise have done.
Interconnectors are also instances of mid-grid 2-way energy exchange insofar as electrical energy is taken off the grid and put back onto it. The cost per unit power-shift is very clearly defined for interconnectors. For example, the East-West connector joining Southern Ireland to the UK cost €600M (~$800M) for a 500MW rated power connection. Note that if the mean power across an interconnector is not zero, the mean power must be subtracted from the maximum capacity of the interconnector to obtain the true flexible resource. There is no clearly-defined marginal cost per unit energy capacity for interconnectors but the following section sheds further light.
A SINGLE TOTAL COST METRIC ASSOCIATED WITH MEASURES FOR RECONCILING SUPPLY AND DEMAND
The profile of natural discrepancy for any one power system defined over a given period can be decomposed into its various frequency components. Each frequency, ω (rad/s) is some integer multiple of (2π/T) and there is a fixed relationship between how much energy is transferred one way at a time and the maximum power. That is:
This relationship enables us to combine the marginal cost of energy storage capacity and the marginal cost of power conversion for energy storage into a single figure for total marginal cost. If we define a reference value for energy, C E ($/MWh), we can include the cost of energy losses into total marginal cost. This value might simply be the average value of energy over a period. Now total marginal cost may be expressed as either total marginal cost of energy capacity or total marginal cost of power. Let X C (ω) represent the total marginal cost of energy storage expressed in terms of storage capacity ($/MWh) per period and let X P (ω) represent the total marginal cost of energy storage expressed in terms of power rating ($/MW) per period. It is simple to justify that ...
(3)
Either X C (ω) or X P (ω) may be used to compare the suitability of different classes of mechanism for balancing for different frequency components of the natural discrepancy. Section 5 exercises these measures. Note that if we cannot be certain of any particular phase relationship between the ω η π ω ω ω
1 Often, it is practical to have different power ratings for energy input/output. For simplicity here, we assume equality of the two. 2 Special care is required, however, in defining the effective turnaround efficiency for CAES plant which export electricity but which take in both electrical energy and a fuel. A fair definition of effective turnaround efficiency in these cases considers the equivalent electrical energy value of the fuel taken in.
Integrating Energy Storage with Renewable Energy Generation different frequency components of natural discrepancy, then all of the frequency components can be treated independently. For example, we might conclude that it was best to utilise one storage technology for cycle periods longer than 4 days, another for cycle periods between 2 hours and 4 days and another technology still for cycle periods shorter than 2 hours.
PRACTICAL METHODS FOR INTEGRATING ENERGY STORAGE WITH GENERATION
Several instances already exist wherein energy storage is integrated with the generation of electricity. It was noted earlier that all fossil-fuelled generation effectively achieves this integration naturally. Bio-fuels also achieve this naturally since the fuel itself may be stored at extremely low costs and very high effective turnaround ratios to be used whenever required.
The oldest other examples of the integration of energy storage with energy generation are natural hydro power stations where dams accumulate water flowing into a reservoir and generation of electricity is not synchronised exactly with the inward flow of water. The marginal costs of storage capacity comprise simply the cost of increasing the volumes of the water stores at the low and high reservoirs. The effective turnaround efficiency almost 100% since there is almost no difference in total energy withdrawn depending on whether the energy is withdrawn as electricity at one time or another. The marginal cost of power capacity is very large for an already-existing facility.
A more recent category of plant that integrates energy storage with renewable energy capture is centred around solar thermal power capture. At a domestic level, energy storage is achieved through hot water storage tanks and swimming pools and the energy stored is low-grade heat. Again here, the marginal cost of energy storage capacity is relatively low and the effective turnaround efficiency is very high provided that the energy residence time is not very long. On a larger scale, concentrated solar power integrates storage by providing means for retaining highgrade heat for the purposes of raising steam to generate electricity. Examples of such plant include the Andasol and ExtreSol plant in Spain (both having~150MW input capacity ratings) and the Solana plant in Arizona, rated at 280MW. All have storage capacity equivalent to between 6 hours and 8 hours of rated production.
There have been several propositions concerning how to integrate energy storage with wind generation. In [4] , a wind turbine is proposed that compresses air directly from atmosphere. By storing the compressed air, one can release the energy at an appropriate future point. A shortcoming of this concept is that a high-ratio gearbox is still required in the wind turbine nacelle. Without this gearbox, the intake swept volume of the compressor would be too high to be practicable. In [5] , a system is proposed whereby mechanical work drawn from wind energy is used directly to raise the temperature of a liquid which can then store energy in thermal form. Fluid in a separate circuit is evaporated by that stored heat and the vapour drives a turbine generator set in a closed cycle. An obvious shortcoming of this arrangement is that the overall transmission efficiency from input work at the wind turbine rotor to output electricity will be very low.
A direct-drive power transmission for wind turbines that integrates the capability to store energy using both high-temperature and low-temperature thermal stores is described in [6] and illustrated in Figure 3 . Here, a closed circuit of gas has pressures of ~20 bar on its "low-pressure" side and pressures of ~500 bar on its "high pressure side". The compression and expansion of gas is done as nearly adiabatically as possible. When available wind resource exceeds demand, the expander and the compressors both induct gas at around ambient temperature but the average temperature of gas in the expansion process is much lower than that in the compression process so that there is net storage of energy. When demand exceeds the wind resource, the converse applies and there is net recovery of energy from storage. The configuration provides the potential to: (a) cost little more than conventional wind turbines of the same power (excluding the thermal storage and heat exchangers), (b) have direct throughput efficiency from mechanical power on the main rotor shaft to electrical power output close to that of standard wind power systems and (c) provide energy storage capability with very low marginal cost of capacity and very high effective turnaround efficiency. The system is mainly suited to onshore applications.
A different method of integrating energy storage within wind power is described in [7] and [8] and is briefly reviewed in [9] . Again, the power is converted directly from the rotor by means of gas compression and without the requirement for a gearbox but in this present case, the gas compressed is air drawn directly from the atmosphere. The term Integral Compression Wind Turbines (ICWTs) is applied. The expression for work done in compressing a volume V 0 of dry air at atmospheric pressure, p 0 , up to a pressure p 1 = rp 0 in an adiabatic process is (4) There are practical limitations on the pressure ratio, r, relating to the air store and to the management of high-grade heat developed. Normally r < 70. Taking a 12m/s rated wind speed, a rotor power coefficient of 0.475 and tip speed ratio of 10 for horizontal axis wind turbines, it is then possible to determine the minimum inlet swept volume for direct-drive ICWTs for various bladetip diameters. Table 2 summarises these.
We see that the required intake swept volume is proportional to the cube of blade-tip diameter. Accommodating such a compressor in the nacelle of a wind turbine would be very difficult so the proposition of [7] and [8] is different: compression takes place in the rotor itself using massive pistons, which are free to travel radially within the blades. Then the nacelle serves only as a means to support and control the rotor and to convey pressurised air away from it. Figure 4 illustrates the concept.
The concept of integral compression wind turbines has a natural fit with deep water locations where underwater storage of air has the potential to provide a cost-effective option for storing energy (c.f. [10] - [13] ). The same concept (ICWTs) could also be used in conjunction with subsea salt caverns where water depth is not substantial. Exploiting the hydrostatic pressure of the water directly to implement a high-pressure air store has twin attractions: (a) the store may be relatively low cost because the mechanical strength required is minimal and (b) these air stores are intrinsically (almost-) constant-pressure so that the compressor design and expander design can be optimised for just one single pressure. This contrasts with what happens in the two existing gridscale compressed air energy storage plant presently operating where air returning from store is throttled in both cases to reduce its pressure before entering the turbines. A study of integrated systems for the collection and storage of energy offshore is reported in [14] . The rationale there suggests that the effective turnaround efficiency for such systems (incorporating integralcompression wind turbines and underwater compressed air energy storage) could easily reach >85% since the only marginal losses occurring as a result of passing air through storage are connected with temperature differences occurring in the thermal storage and with minor pressure drops between wind turbine and air stores. As the third panel of Figure 4 suggests, the integral compression wind turbines become practicable only at very large scales. This is because the concept relies on gravity being a significant acceleration relative to centripetal acceleration in the rotor. Blade tip-speeds are relatively insensitive to blade-tip diameter and centripetal acceleration at the blade tips thus decreases inversely with blade-tip diameter. Even the 220 m diameter machine in the final row of Table 2 would have a centripetal acceleration at the blade tips of 13g. ICWT machines on this scale are realisable if (a) the pistons in diametrally-opposite blades are connected by a tie-rod and (b) it is accepted that in order to start a pair of pistons on its trajectory downward, one may re-induct a small quantity of compressed air into the compression cylinders to kick the coupled pair of pistons away from one extreme of travel against an opposing centrifugal force. A detailed study of the control of valves for such ICWT machines is reported in [15] . Table 3 implicitly expresses a hypothetical future system balancing problem in terms of the magnitudes of main frequency components of natural discrepancy. Only 5 frequency components are considered here but in a real context many more would be included. The frequencies are expressed in terms of cycle times ranging from half of one minute up to 50 hours. Peak power and peak energy are expressed for each case (obeying equation (3) approximately). The period time, T, is one year. In any present-day context, the reconciliation of supply and demand such as Table 3 describes would be done primarily by flexing some controllable (fossil/bio -fuelled) generation. Here we discount that as an option. The base cost of electricity used for assessing the value of losses is set to C E = $70/MWh. Four main options are considered to address this balancing. Costs suggested are estimates-probably correct within an order of magnitude.
PERFORMANCE EVALUATION
Demand-side management provisions: Costs of these are estimated crudely based on the reference value of energy, CE, and the incentives probably required such that a consumer will defer (or advance) consumption by some amount of time relative to the natural consumption. A basic linear model is employed based on 10% of C E per hour of shift plus 5% of overall charge simply to persuade the consumer to participate in the scheme in each year. A consumer with average demand of 1MW consumes 8766 MWh per year and would pay $614k for fully deterministic usage. For this consumer to participate in a balancing process and to accept that all usage could be shifted forward or backward by up to 1 hour (=:π/ω) would incur a $61k sacrifice. Shorter time shifts (higher frequency) would be proportionately less unpalatable. We set C C (ω) = 61 × π/ω ($k/MWh) and C P = $31k/MW per year. Here η S = 0.98, since total energy usage is insensitive to small time-shifts.
Interconnection: A 500MW interconnector might cost $800M and last 20 years. Ignoring maintenance and interest costs, we set C P = $40k/MW per year -recognising that an interconnector provides a service to the systems on both sides. Interconnectors do not have any intrinsic energy limit but they can only address a difference in the natural discrepancies on each side of the interconnector. To evaluate this properly, we must understand characteristics of both sides. In real situations, interconnectors are likely to join networks with similar weather patterns and similar demand cycles. Here, we will assume that interconnection could supply, at most 50% × (ω/π) of the respective frequency component of natural discrepancy on one side. We set C C = 0, and η S = 0.94.
A generic stand-alone mid-grid energy store: This might have capital cost of $1M/MW (of power conversion rating) + $30k/MWh (of energy storage capacity) and a lifetime average turnaround efficiency of η S = 0.70. Ignoring maintenance costs and interest, we set C P = $50k/MW per year and C C = $1.5k/MWh per year. Any one of several different technologies based around thermo-mechanical principles might be used to realise such storage. Varieties of compressed air energy storage, pumped-hydro, pumped heat storage and cryogenic energy storage all have the potential to achieve numbers in the above order. Possibly selected electrochemical technologies also have this potential but in most cases of electrochemical stores, the lifetime is more accurately measured in numbers of complete cycles than in years and both C P and C C increase almost linearly with ω. Whilst electrochemical technologies clearly have a strong role to play in high-density localised energy storage in space-constrained areas, the likely costs would appear to preclude them as major grid-level energy storage solutions for the present.
Energy storage integrated with renewable generation: Systems that integrate energy storage may have higher cost per unit of output electrical energy even excluding costs associated with the storage provisions. Here we base a value for C P partly on 15% cost increase on primary renewable energy harvesting having a reference cost of $1.5M/MW (capital cost). The capability to pass energy into storage can also have a cost component proportional to power (for example the cost of heat exchangers in the thermal pumping system of [6] ). A notional value of $200k/MW is allocated here. The marginal cost of energy storage capacity is small -based on $30k/MWh here as for the midgrid energy store. Ignoring maintenance and taking a 20 year lifetime as before, we calculate C P = $21.25k/MW per year and C C = $1.5k/MWh per year. In view of saved energy transformations, we set η S = 0.85. Table 4 summarises the costs associated with each frequency component (calculated using equation (3)). The "*" symbol signifies cases where interconnection probably could not provide all of the balancing capacity to the long one-way flows. From the above table, the integrated energy storage solution emerges as a highly cost-effective choice for all frequency components. Interconnection appears competitive for the longer durations of storage (5 hours, 50 hours and 200 hours) but limiting the potential applicability of interconnectors to <(50% × (ω/π)) as proposed earlier reveals that interconnection could probably meet only 20%, 2% and 0.5% respectively of the net requirement in these very low-frequency cases. Demand-side management appears to be (marginally) the most cost-effective approach for the highfrequency components based on the assumptions made. For these components, the main cost is the standing cost of persuading the consumer to participate and if the speculated 5% was to change even to 6%, the integrated energy storage solution becomes more cost-effective.
The most important comparisons from the above evaluation are those between a standalone energy store (drawing electrical energy from the grid and restoring it to the grid) and an energy storage provision integrated with renewable energy generation. In the above table, the latter wins over all frequency components. Both solutions have similar marginal costs per unit of energy storage capacity, C C . For longer cycle times, the cost of the energy storage capacity itself begins to dominate and hence for the 200 hours cycle time, we see the ratio between the two return close to unity. During the shorter cycle times, the integrated energy storage solution wins uniformly for the combined reasons of lower marginal costs for the power-conversion equipment and lower marginal losses of energy as a result of it passing through store. With the figures presented here, the ratio of the cost of energy losses to the cost of the installing and maintaining the power-conversion equipment is fixed at ~59% for a standalone energy storage system. For an integrated energy storage system, the ratio is ~69%. The costs of energy lost as a result of passing energy through storage are actually very significant.
One argument against integrating energy storage into renewable energy harvesting systems is that doing so will increase the capital cost of the renewable energy harvesting system and simultaneously decrease the net total output of electrical energy per year (for energy not put through storage). Both observations are true -but both are offset very rapidly by the lower costs and higher performance of the system when energy storage is implemented and used. Figures 5a and 5b show a clear graphical depiction of this. In Figure 5a , it is supposed that the straight-through efficiency of the integrated system is 85% (wind turbine rotor power to electricity) which compares with 92% for a conventional wind turbine system. However, the losses with standalone energy storage are 30% which contrasts with 15% for the integrated system and we see that provided more than 50% of all energy passes through storage, the integrated system produces a higher output. In Figure 5b , we show the ratio between the cost of a system comprising wind turbines and energy storage implemented as an integrated and the cost of the nearest equivalent system implemented as separate components. Several different curves are provided here where the output power from the energy 138
Integrating Energy Storage with Renewable Energy Generation storage system may be smaller or larger than the power of the wind turbine system. For the wind turbine system, cost is based on $750/MW(rated) for the wind turbines, $500/MW(rated) for the power-conversion equipment to put energy into storage and $500/MW(rated) for the powerconversion equipment to recover that power. For the integrated system, cost is based on $850/MW(rated) for the basic system to produce electricity from the wind. Power conversion equipment for putting energy into store is already a component of that cost -as is the powerconversion equipment for extracting energy -though an additional cost of $500/MW is included for all power rating above 100%. In both cases, the cost per unit of energy storage is set to $30k/MWh and this explains why the cost ratio returns towards one as the duration of energy storage increasessince the cost of energy capacity then begins to dominate all other costs.
The capacity factor (ratio between rated power and average output power) of wind turbines is typically 25% -35% for onshore locations and 30% -40% for offshore locations. Because there is almost zero correlation between the profile of demand and wind-power generation, the proportion of energy from wind turbines passing through storage (or another supply-demand reconciliation solution) could be upwards of 65% in a system without significant flexible hydrocarbon-burning generation. At present, the incentives system for most wind power provides no encouragement to the wind turbine manufacturer or operator to consider integrating energy storage. It is inevitable that this must change. When it does, we can perhaps expect to see wind farms where perhaps 50% of the wind turbines are set up for integrated energy storage and the other 50% are conventional machines. The rated power output from the energy storage may be equal to 100% of the rated power capacity of the complete wind farm. The bulk of the energy harvested by the former set will pass through storage and thus benefit from the relatively high turnaround efficiencies for energy which has passed through storage.
CONCLUSIONS
This paper outlines the key role available for systems that integrate energy storage with generation from renewables. It describes several possible configurations for such integration and provides a simple metric whereby net costs of all types of solution to the balancing problem can be compared on a rational basis. This metric depends on frequency. A comparison is attempted of various supplydemand reconciliation solutions -taking fairly representative values for interconnection, demandside management and standalone energy storage. At relatively high frequencies, demand-side management emerges as the most cost-effective solution but only fractionally ahead of integrated energy storage systems. At lower frequencies (i.e. longer cycle times) the integrated energy storage systems are a clear winner. Focusing on the contrast between renewable energy systems which have associated standalone energy stores and those systems integrating energy storage with renewable energy harvesting systems shows that for all cases where a primary driver for energy storage is the non-correlation of the renewable energy resource intensity and the demand profile, systems that achieve integrated energy storage win out on both capital cost and costs associated with the losses of energy as it passes through storage.
